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Thermosetting plastic materials consisting of EPON 828 
monomer modified with 10% by weight of various Acrylonitrile/ 
Butadiene copolymers were cast in flat plate and cylindiica 
molds and cured with Curing Agent D. Three series of materials 
were investigated: EPON 828 (unmodified), EPON 828 modified 
with CTBN R-146 (small particles) and EPON 828 modified with 
CTBN R-151N (large particles). 


Cantilever and biaxial specimens for each of the series 
were tested at room temperature to determine fracture surface 
energy and biaxial stress yielding envelopes. 


EPON 828 (unmodified) and CTBN R-146 materials displayed 
low fracture toughness, Von Mises Criterion yielding envelopes 
and an absence of stress whitening, whereas CTBN R~-151N 
materials exhibited greatly increased fracture toughness, a 
cusp shaped yield curve and large amounts of stress whitening 
in both cantilever and biaxially tested specimens. 


Optical and electron scanning micrographs of fractured 
and stressed materials revealed a marked difference in 
specimen morphology. The large elastomer Pa@ele lesser 
CTBN R-151N cleavage surfaces were surrounded by matrix 
material which was plastically strained, forming a porous 
surface believed to be created by the triaxial stress at the 
tip of the crack. Annealing of this surface relaxed the 
material, destroying porosity and exposing small particles, 
calculated to be elastomer particles. 


Micrographs of biaxial specimens of CTBN R-151N showed 
[iege amounts of stress whitening, voids and an Slloncac lomo 
elastomer particle sites in a direction perpendicular to the 
tensile axis. Particle sites further exhibited band type 
structure emanating from their tips at small angles to the 
Parcicle Site MajyOr axis. 








Tt is concluded that when stressed within a. biaxial stress 
field a threshold of elastomer particle size exists above which 
fracture toughness is greatly increased, stress whitening 
occurs, the biaxial stress yield envelope is cusp shaped and 
large shear forces are created with resultant elastomer elaine te 
site deformation, band formation and creation of voids within 


mie material. 
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GPP ae i o. 


Patnoauctvon 


The term crazing was first used to describe the small 
hairline cracks which occurred on the surface of ceramics and 
were falsely assumed to indicate the onset of material cracking. 
Crazing can be initiated by a combination of tensile stress and 
an aggressive material environment, with craze lines forming 
perpendicular to the tensile stress axis. 

@raz ing ines te seo meetae terry reversible, has Jigeiedie 
effect upon static strength, increases impact strength and is 


Sensitive to the following composition factors: 


Wen Presence of plasticizers 
Se) Foreign particles of material 
3. Low molecular weight molecules 


Kambour (1) describes craze morphology as thin, plate~ 
dike partially void regions within-a polymeric matrix containing 
stretched polymer molecules interconnected with normal polymer 
surrounding the craze. X-ray scattering SLuares ana Cate eae 
craze voids consist of rather spheroidal shaped holes of 
approximately 200 A diameter embedded in the glassy polymer 
ee i 1X - 

Modern thermosetting resins used for structural materials 
or composite matrices have Lena eaec! usefulness because of low 
fracture toughness with consequent SUSce Gedo ty |.O 


Serastrophnic failure. 








Elastomer particles in glassy polymer matrix materials 
eam increase £ractune Sunmiace eneraqy, vy, by ase muUCchiwac sonmonra—m 
of magnitude over that of unmodified material (2,3) and 
produce stress whitening (4) and shear bands (5) in tensile 
test specimens. 

By introduction of elastomeric particles into the glassy 
matrix Bucknall and Smith (4) found that a finely dispersed 
secondary phase of these particles became chemically bonded 
to the matrix material. Small concentrations of the elastomer 
caused increased crazing of the matrix material and an increase 
Paematrix fracture energy. Crazing of the matrix generated 
Significant visible stress whitening due to the fact that the 
craze behaves as an optically homogeneous medium and has a 
refractive index considerably lower than that of the normal 
Petymer (1). 

Sultan and McGarry (6), proposed that an elastomer having 
primary reactive sites could produce optimum toughening of a 
brittle epoxy matrix by dissolution in the uncured thermosetting 
resin, with subsequent precipitation as a particulate second 
phase during the polymerization of the resin. Elastomer 
reactive sites would then be available for formation of 
primary bonds between elastomer particles and the resin matrix. 

Fracture energy of elastomer modified EPON 828 epoxy* 
material polymerized WleieCimung Agent 0 was round to increase 

with i aeeasine size and concentration of pIEeeGIplLtTatlee Lubber 


wn we me ee ee 


meg. by Shell Chem caleco., New Yorug, Ni. 








particles at a single elastomer CONCENErAELON. we eaisewe Fe 

eazes; ranging f£Lrom 200-12 ,000 angstroms, were i a egy, 
independent of curing temperature and elastomer molecular 
weight for specimens incorporating acrylomitrile-butadiene 
meTEBN)** modifying particles. Variations of acrylomitrile 

in the CTBN elastomer molecule do tend to affect final particle 
sizes (6). 

An exact understanding of the mechanism by which rubber 
particles promote increased fracture roughness with accompanying 
stress whitening has not been fully developed. A simple energy 
mechanism which considers particles as crack arrestors or 
energy sinks could account for else 10% of impact strength in 
impact styrene materials (7) and 13-18% for PMMA (8). Kambour 
(8) proposed that rubber particles are promoters of eeaniees 
plastic flow in high stress intensity zones ate the tip (OF se 
crack and that the fracture surface energy, y, is the sum of 


three terms: 


h 2 
where 
On = Work of hole formation against the free surface 
Clery (Ot mene =o lyiem. 
oe = Plastic work of craze formation. 
ee Viscoelastic energy of craze extension. 


The third term, Was contains the large difference in 


Surface energy between a y calculated theoretically from 


peeve ar Ruloper, B. F. Goodrich Chemical Co., Cleveland, Ohrvoe 














Griffith criterion fracture mechanics and the y found in 
actual fracture experiments. 

Sultan and McGarry (6) discuss a detailed account of 
Various aSpects of brittle-elastic crack propagation 
considerations in rubber modified matrix materials. 

Sternstein and Ongchin (9) Pn eee a criteria for shea 
yielding and craze formation using Specimens machined from cast 
solid cylinders of polymethyl methacrylate (PMMA). Specimens 
were subjected to combinations of biaxial stress ranging from 
uniaxial tension to egual biaxial tension. Experimental data 
yielded a series of craze yielding envelopes as functions of 
temperature and stress for PMMA crazing and a second series 
yielding curves similar to aVonMises envelope; also a 
function of temperature and stress. Each yielding mode 
produced curves of distinctly different form with symmetry 
about the equal biaxial stress line. In the shear yielding 
study, the samples were internally pressurized and immediately 
Subjected to a constant axial strain rate until the yield 
point was reached. In the crazing study the specimens were 
pressurized, brought to a given axial load level and held in 
this biaxial stress state for ten minutes at which dine 
crazing began to appear. 

ments the Fntentlen Ofpthaseimyestiqgatiron to apply Stress 
techniques used by Sternstein and Ongchin (9) in their study 
of PMMA thermoplastic to a biaxial stress Suey 10.5 brittle 
EPON 828 thermoset plastic modified with a dispersion of 


various elastomer particles. The percentage of acrylonitrile 





= 





am, the CTEN Shall constitute the primary Vartarien 1 neo iamen 


the series of samples to be investigated. 
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CHAPTER if 


Materials Used in Experimental Investigations 


Five thermosetting epoxy compositions were investigated 
under biaxial stress conditions as discussed in Appendix A. 
Weieiation of CTBN elastemer particle molecular weight and 
fem, Lonitrile composition constituted the only variation of 
material used in casting the five types of biaxial specimens. 

All specimen castings used EPON 828 resin, an 
Epichlorhydrin/Bisphenol A product, with an approximate 
molecular weight of 450, which was polymerized with 5% by 
emo OF Curing Agent D, the tri (2-ethyl hexanoic acid) salt 
of 2,4,6 tri (dimethyl aminomethyl) phenol (6). 

All specimen types, modified by inclusion of an elastomer, 
contained 10% by weight of random copolymer of acrylomitrile 
em@emoutadiene (CTBN) (10). All castings were cured at 120°C 
mee two hours, slowly cooled to 50°C and then post cured at 
130°C for two hours followed by slow cooling to room 
memectacture. 

Four different CTBN elastomer compositions were employed, 
in modifying the thermoset epoxy materials used in specimen 
casting procedures of Appendix B, possessing the following 


average molecular weight and acrylomitrile content: 


il 





Elastomer Symbol M VCN “(25ery tomas) 
CTBN R-146 ~ 3,000 >25.0 
CTBN R-150* 5 20 gy 
CTBN R-151 4,700 ae 
CTBN R-151** Ae 700 18.2 


*Insufficient R-150 CTBN was available for a complete 
determination of fracture surface energy and biaxial 
meressS Curve. 

fooololN was thought to be identical to R-151 but gave 

differing results, to be shown later. 

The carboxyl groups at each end of the CTBN molecule 
are considered to be reactive sites possessing the ability 
for the liquid elastomer to polymerize and crosslink with 
other rubber molecules to form particles and also to provide 
the primary bonds between elastomeric molecules and the 


epoxy resin; forming an adheSive bond between the rubbery 


second phase and the glassy matrix (6). 


AZ 








CHAD iit hid 


Experimental Equipment and Testing Procedure 


Avs iit rOoaucL lon 


Experimental investigation procedures using four types 


of equipment were used and included: 


i 


Cleavage tests which determined fracture surface 
energy, Y, uSing an Instron Universal Testing 
Machine. 

Biaxial stress applied to hollow cylindrical 
specimens by the apparatus shown in Figure (4), 
and discussed in Appendix A. 

Optical microscopy of biaxial specimen surfaces 
using transmitted and reflected light of a 
Reichert microscope. Micrographs were recorded 
Bin (20) she oalicl ene ahinnecys 

PleCtLonsoCannIngel(LerOscopy e(fcll) son cleavage and 
biaxial specimen surface materials. Micrographs 


were recorded on Polaroid prints. 


Experiments were conducted on five material compositions 


Whelton ancluded: 


ile 


2. 


BeONT3Z 6 4. -5 


oo 


Curing Agent D 

BRON 823 =) SOs ereoN R465 53 Curing Agent | 
BeOlio2 ce Oe ho Ne Ret Oe oem GUNG AGent 1D 
EPON 828 + 10% CTBN R-151 + 5% Curing Agent D 


EPON 828 + 10% CTBN R-151N + 5% Curing Agent D 
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B. Cleavage Testing 

Four flat plates of Epoxy material, one Lor eacimemee 
above compositions, with the exception of CTBN R-150, were 
cast between smooth glass plates using the standard cure and 
post cure procedures outlined previously. 

Cleavage specimens were machined from the smooth plate 
castings with geometries identical to those used by Broutman 
ana McGarry (22) as shown in Figure (7). 

Cantilever specimens were secured in an Instron and 
tested at a cross head rate of 0.02 inch per minute. Materials 
Scmeaining CFBN left a permanent record Or Gehie Cracke lcngen 
in-that points of crack initiation and arrest were stress 
whitened whereas regions of rapid crack growth maintained the 
@emonr Of the bulk material. The unmodified specimens left no 
Pem@anent record of crack propagation and required marking 
points of crack arrest with a felt tipped pen on the cantilever 
Ouietag the testing of the material. 

A number of CTBN modified cantilever specimens were 
tested at a reduced cross head rate of 0.01 inch per minute 
Pomeectermine rate effects upon crack initiation and 
propogation. It was not possible to induce an initial rapid 
crack growth in these specimens as they stress whitened the 
entire length of the slotted region. To overcome this 
difficulty the crosshead rate was momentarily increased to 
Meee inch per minute to induce an initial rapidly propogating 
Crack; then the crosshead rate was reduced to 0.01 inch per 


minute after which the specimen exhibited both rapid crack 


14 








meowth and crack arrest. This behavicer 1s @ableipueed seems, 
[mpability to machine a truly sharp crack tip Insenesean elon 
specimen, however once a sharp crack is produced the material 
behaves in a manner similar to that experienced with higher 


@meesshead velocities. 


Gee Biaxial Stress Testing 

A series of approximately ten cylinders were cast and 
Machined for each of the five material compositions. Processes 
and technigues for producing these biaxial specimens are out- 
lined in Appendix B. 

The Instron machine was calibrated prior to specimen 
testing each day. Specimens were measured with a micrometer 
and then mounted in the specially designed testing grips uSing 
the steps of Appendix C. 

At least one cylinder was tested to yielding or fracture 
from each material series, using one of the following test 
procedures: 

meeelnstron tension only, at. 0.005 inch per minute 

crosshead rate to a tensile force where the load 

Vic mle ccOlLetEed oy Ehne=instron Chart, 1s. of 
zero Slope or the specimen fractures. This load 
together with specimen cross sectional area provides 
uniaxial tensile yield stress, o, 

eee Eydraulic pressure only, with mo applied Instron 

tensile load. Pressure is increased slowly by 


Zoic theamberogen storage: boltlem pressure 


ds) 








regulator, shown in Figure (4), until the specimen 


crazes, plastically yields or fails in fracture. 


This test yields the hoop stress, On, at which 
CEaAZ ING “Oi ea aretle rm ngmOceuiGs. 
3. A combination of Instron tension and hydraulic 


pressure which yields various combinations of 


on and o defining the crazing and shear yielding 


a 
envelopes. 
In these tests hydraulic fluid is first applied slowly 
to a desired pressure and maintained; the Instron is then 
started and continues to load the specimen until the specimen 
fractures or the slope of load vs. time is zero. Each test 


required approximately 30 minutes of continuously increasing 


tensile loading. 


DI @ecical Microscopy 


A Reichert optical microscope was used for examination 
of material surfaces using both reflected and transmitted 
light sources. Optical micrographs were recorded using a 


Poreorola camera. 


E. Electron Scanning Microscopy (ESM) 

Stress whitened sections of cantilever and biaxial 
specimen surfaces were carefully cut and mounted on aluminum 
Bem holders, evacuated for several hours, flashed with a gold 
coating and inserted into the vacuum chamber of a Japan 


‘Electron Optics Laboratory Core Lid. (THOLECO) = Type JSM 
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electron scanning microscope. Standard JEOLCO operating 
Mastructions were followed in recording micrographs. 

All samples were carefully handled to avoid damage and 
Sontamination of surface area during mounting and Scanning 


operations. 


AT 








CHAPTER Vy 


Experimental Res tites 


Peeentroduction 

A minimum of three cantilever test specimens were cast, 
Machined and tested for each of four material compositions 
previously described: EPON 828 (unmodified), CTBN R-151, 
CTBN R-151N and CTBN R-146. CTBN R-150 was not cleavage 
tested since a limited available supply of the elastomer 
precluded a thorough investigation of both cantilever and 
biaxial stressed castings. It was decided that use of this 
CTBN R-150 elastomer in a series of .biaxial specimens would 
prove of more interest than an exact determination of y from 
cantilever tests. 

Three complete series of biaxial specimens consisting 
of approximately ten specimens per series were cast, machined 
and tested and consisted of the following material: EPON 828 
(unmodified), CTBN R-151N and CTBN R-146. These specimens 
were tested at room temperature (approximately 74°F) using 
procedure and equipment discussed previously. 

The surface of biaxial specimen #12, a specimen of 
particular interest which will be discussed later, was 
investigated under the transmitted and reflected light of the 
Reichert microscope and a number of micrographs were recorded. 

Finally, the ESM was used to scan the cleavage surfaces 
of CTBN R-146, CTBN R-151, CTBN R-151N and a specimen of 


Sey R-~151N cured at a reduced temperature of 74°C. A large 
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number of surface samples were carefully sliced from the 
CTBN R-151N biaxial specimen #12, mounted and scanned with 


mae ESM. 


ieeecleavage Specimen Tests 


Values of surface energy, Vigo ice COMpDINLeG 11) al alouec amt 
from cantilever specimens fractured in the Instron. Test 
data was processed using the analysis techniques of 
Appendix D. 

ie 1nclievon.of CTBN R-15IN elastomer particles within 
mienwnPON $28 matrix increased the fracture surface energy of 
the modified material by nearly an order of magnitude over 
that of unmodified EPON 828 whereas CTBN R-146 sastones: 
inclusion BE Rs. less than doubled fracture surface 
eeengy . 

The three materials are ranked in order of decreasing 
fracture surface energy or fracture toughness: 

CAMGIN| | 1 esta Row 
CTBN R=146 


EPON 828 (unmodified) 


err Biaxial Specimen Tests 


The results of the tests of biaxial specimens are 
tabulated in Tables II-V. This data was used together with 
Instron chart data of load vs. time to give the graphs of 
Axial Tensile Stress Vs. Hoop Tensile Stress and Axial Tensile 
Stress vs. Relative Engineering Strain for the three biaxial 


Specimen materials. These graphs are shown in Figures 8 - 13. 


1kS 








Biaxial testing of CTBN R-150 and CTBN R-151 specimens was 
accomplished, however, the data from these experiments was 
not sufficient to generate curves similar to those listed 
above. 

All specimens loaded with both axial and hoop stress 
were first pressurized to the desired hoop stress with 
hydraulic fluid* which was then maintained constant as the 
Instron applied increasing amounts of axial stress. 

During the application of increasing stress the buttery 
feeevoy colored CITBN R-151, CTBN R-151N and CTBN R-150 speci- 
mens became increasingly oOpague and milky white in appearance 
weeroughout the gage Ike NOE. Reanee of hydraulic pressure and 
tension stresses appeared to reduce this whitening effect but 
did not completely reverse it. EPON 828 and CTBN R-146 
Specimens exhibited no evidence of stress whitening. 

The onset of obvious permanent stress whitening appeared 
immmene center of the gage length for CTBN R-151, CTBN R-I51N 
and CTBN R~-150 and at stresses only slightly less than those 
existing when large plastic deformation of specimen material 
became obvious. This stress whitening was greatest in 
specimens where stress bias was highest, a result similar to 
Eheat of Sternstein and Ongchin (9) in their studies of biaxial 


Stressed PMMA. Stress bias, o is defined by, 


ae 





mpow-COrning 550 Fluid (Silicon 0Oi1) 
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where, 


axial tenellemsmicoss 


O 
a 


ots hoop tensile stress 

Stresses defining the yield envelopes were taken from the 
Smrves in Figures (9,11 and 13) at the point where the slope 
of Uniaxial Tensile Stress vs. Relative Engineering Strain 
became zero, with on Constant for each of the curves. In 
those cases where zero slope was not achieved, the stresses 
existing at fracture failure of the specimen were used. 


Resultant values for oO. and o, were determined using 


h 


stress formulas for an open ended cylinder (11, 12). The 


feelal tensile stress, Ow LSedertived bron hen. Ormulad: 


oa 
a x 
where, 
F = Instron tensile load 
A = cross sectional area of gage material perpendicular 


Go the tensile ais 
The resultant values for hoop tensile stress, oar in an open 


ended cylinder are derived from: 


ere 
h te 
where, 
P = hydraulic fluid pressure 
r = mean cylinder wall .radius 
t = ey lindeeen thickness 


Biaxial specimens tested to failure exhibited a fracture 


Surface perpendicular to the Instron tensile axis when oii 


Fag 





and parallel to this axis when o 700: Large amounts of stress 


h 
whitening occurred along fracture surfaces of CTBN R-151, 
Gian R-LSLN and CTBN R~150 specimens but whitening was not 
observed on EPON 828 (unmodified) and CTBN R-146 fracture 
surface material. 

Figures (8) and (10) reveal that EPON 828 (unmodified) 
and CTBN R-146 biaxial specimens yield in shear, defining a 
yield envelope similar in form to that of the Von Mises Yield 


Mmemeerion (ll, 12), plotted on Figure (8) for comparison 


purposes using, 


ee Bey 2 2, 2 
w= tz[(o, oO.) Eee or [he ee 
where, 
Y = tensile yield stress 
o> axial tensile stress 
o> hoop tensile stress 


tae yield envelope for CTBN R-15i1N is significantly 
Seeecrerent, has a form similar to that of the "crazing yield” 
envelope for PMMA (9) and is indicative of a brittle material 
exhibiting tensile type failure. 

The obvious differences in yielding envelopes of the 
three materials suggests that a shear yielding mechanism 
exists in EPON 828 (unmodified) and in CTBN R-146 material 
each exhibiting duct: Le matermalycharacterustTes,., Withea 
differing yield mechanism occurring within ENeee oan = ia 


iMercerial. 


ie 








Dif fes~ences an Strengen and relative auc t isha yess 
three materials are shown in Figures (8 - 13). Note that 


Figure (10) has two curves drawn to fit the experimental 


date. 

Tensile strength for each of the three materials is 
eeroxXimately: 

1. EPON 828 (unmodified) Or 0 yan 

2. CTBN R-146 SMOG Ts, sae 

3. CTBN R-151N $,370 Ib/in* 


The ductility of these Materials can be judged on a 
relative basis, all specimen gage lengths and radii are 
identical, and are ranked in order of decreasing ductility: 

CEB Neen 4i6 | 
EPON 828 (unmodified) 
Cie R= 5 iN 
Ductility will be discussed further in the chapter of 


@wemelusions. 


Beeeeptical Micrographs 

Biaxial specimen #12, consisting of EPON 828 modified 
with CTBN R-151N elastomer, was stressed exclusively with 
Pyemaulic pressure to fracture. Just prior to fracture this 
Specimen plastically deformed with a noticeable bulge at gage 
mid-length. This plastically deformed region contained 
mamumerable, long, thin, white striations Siete at a small 
mole to the cylindrical axis, near the outer surface of the 


plastically deformed region. 
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Examinations of the Spoecimen sirtace aimagw ope uc: 
microscope using transmitted light at 138.6x BAU eene numerous 
small fissures which gave the surface material a general 
appearance of cold drawing as is shown in Figure (14). A 
transmission micrograph at 283.5x revealed small hairline 
fissures as shown in Figure (15), in which elastomer rubber 
particles are visible, appearing to bridge the fissure at 
Various points. Figure (16) is a transmission micrograph at 
Mee.5xX Showing that two and sometimes three small cracks 
emanate from a rubber particle at the material surface. 

These micrographs show that the CTBN elastomer particles 
are involved in the fracture process mechanism and appear to 
promote furcation, a possible matrix toughening process. 

Previous investigations of elastomer toughening were 
accomplished on cleavage surface materials where complete 
crack propagation had occurred, however, the unfractured 
surface material of biaxial specimen #12 contains a permanent 
meeera Of Crack-elastomer interaction prior to material 


meacture. 


BS Electron Scanning Microscopy (ESM) 

econ I loveteoliwaceS smenlactOMer pacteeme Iabze and 
meee ture surface characteristics of CTBN R-151, CTBN R-151N, 
C@BN R-151N cured at 74°C and CTBN R-146 cantilever specimens 
were ©ecorded on ESM micrographs. The unfractured surface of 


biaxial specimen #12 was also studied. 
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The: LOOX mreregraph ef Figure (17) shows Sacco iemmon 
CTBN R-151N cantilever fracture surface with fast crack 
propagation at the left; then a region of crack arrested 
slow crack propagation with noticable stress whitening 
followed by a region of fast crack propagation. 

The obvious aiccorencs in material surface is seen in 
the 1,000X micrographs of Figure (18) which is a sluw crack 
propagation and Figure (19) which is a Fast crack propagation 
region. Note that the surface region of slow propagation has 
extreme porosity and whitening as compared to the flat non- 
Bewous quality of the fast crack region. 

iiedit ference Ingmatental behaviermcan be attributed 
to the rate of crack propagation in the following manner. [In 
miteeregion of fast crack propagation, application of stress is 
much too rapid to allow absorption of fracture surface energy 
by stretching of polymer material; consequently the material 
propagates a crack in a brittle fashion with little 
stretching of these polymer chains. 

In the region of slow crack propagation a triaxial stress 
created at the crack tip of the cantilever specimen exerts its 
memces OVer a period of time sufficient to allow absorption of 
Fracture energy through actual stretching of matrix molecules 
ia manner similar to that BE OnOse aby Berry (23, 24). The 
presence of the elastomer particle in the matrix creates a 
region of high stress intensity at its periphery fostering the 
metecretching of molecules and Ree tearing of Mea) Fron 


mae region of the particle. This mechanism would account for 


Ze 








absorption of surface energy and consequently the 
toughening of the plastic material. 

Rapid crack propagaetom begins when) cantilevers cne may 
exceeds the fracture surface energy absorption of the material. 
2. Statistical Particle Density: Careful examination 

of Figures (18) and (19) reveals that the diameter of matrix 
holes in the slow crack region is larger than apparent particle 
fazes in the fast crack AeGLLEW - This behavior is again 

fier ibuted to possible matrix stretching in the triaxial 
stresses at the crack tip in slow crack propagation. 

To test this hypothesis, CTBN R-151N material from a slow 
crack region was annealed at 120°C for two hours; then mounted 
Bm@eeescanned with the ESM to see if contraction of material 
around the porous holes occurs, releasing residual stress 
feeeein the material. The results of the annealing experiment 
can be seen in the 3,000X micrograph of Figure (20). Annealing 
has indeed reduced the sharp edges of the fracture surface and 
the hole size is greatly diminished with small round particles 
protruding from many of the crater like hole structures. 
Whether these protrusions are actually rubber particles or 
Structural anomalies is not certain. It is apparent, however, 
that a large amount of surface stress has been released by 
the annealing process. 

A simple statistical study of Figures (18) and (20) was 
performed in an attemot to determine whether the protrusions 
noted in the annealed specimen could in fact be rubber 


Morticles. The details of this calcuJation are outlined in 
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Appendix E. Results show that if rubber particles have the 
diameter of the holes in unannealed CTBN R-151 material, 
then these particles would consist of 80% EPON 828 material 
and 20% CTBN R-151. This is a highly unlikely occurrence in 
aeenemical system functioning as a two-phase system. 

Analysis of the annealed surface material shows that 
meemactual mass density of CTBN R-151 is approximately equal 
to the density of the small protruding particles seen in the 
micrograph of Figure (20). This evidence strongly suggests 
that the CTBN R-151 material exists as nearly pure second 
phase particles of a mean diameter of 0.66 microns distributed 
maroughout ae EPON 828 matrix eaters This evidence further 
strengthens the argument that the large round holes of 
Figure (18) are voids around rubber particles created by the 
mirastic deformation of matrix material during slow crack 
propagation under the influence of a triaxial stress. Large 
amounts of fracture energy are syeerbed ja se lpabet ela, ct cioherenkiola 
with consequent material toughening. | 

fee Diawsbal Specimen #2 Several Specimememer the 
plastically deformed region of biaxial specimen #12 outer 
surface material were scanned with the ESM. Figure (21) is 
fee OxX Micrograph of a portion of one of the long, thin, 
white striations lying at a small angle to an axis orthogonal 
mPeeehne cylindrical axis of the biaxial specimen. Note the 
presence of the black ones tn Enema Len icleaids ta essence StWwo 


long, very thin voids present in the highly stressed whitened 
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material appear to be distorted from resultant high shear 
stress in the material. This is more clearly seen in 
Boreuire (22). 

thie k,000xX Mlecregraph OneriGure 923) eehowe sedate 
elastomer particles are deformed in ellipsoidal fashion with 
the major axis of the particle site being perpendicular to the 
tensile hoop stress and approximately parallel to the stress 
whitened striation. Examination of several particles on the 
periphery of the whitened zone shows a pair of band like 
whitened lines emanating from the tip of each particle site 
and symmetrical about a line perpendicular to the axis of 
tensile hoop stress. These bands ame shown more clearly in 
aeons, 000OX micrograph of Figure (24) as two pair of bands 
emanate from the central particle in the grouping of three 
particles. The tensile hoop stress axis is oriented 
Memizontally in this micrograph. 

The micrograph of Figure (25) shows the results of an 
attempt to clean the surface of a section of biaxial specimen 
#12 with acetone prior to electron scanning. Acetone was | 
applied with a damp lens tissue by lightly wiping the surface 
twice and then evacuating it for several hours. 

AS can be seen from the micrograph, the acetone stress 
relieved the surface material and obliterated all specimen 
detail leaving the surface with a very spongy appearance. 

Je CUBN OR lb Peae EC oUt hacer mmr) Raetetinae wotliet ACS 
‘of CTBN R-146 cleavage specimen material was Beanies with 


Maemo Lhe micrograph of Figure (Z6) was = Tecorded In tmc 
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region of slow crack propagation and exhibits little evidence 
of stress whitening and material deformation. The surface 
empears to be brittle, a conclusion supported by the low y 
Barve of Table I. 

Magnifications Gf 10;,000x revealed the presence of ven 
fe) CITBN R-146 particles (relative to CTBN R-151N particle 


size) with no evidence of any porous surface material. 


oe 





Ciy eis hay, 


Conciuasi ons 


A number of conclusions can be drawn from the data and 
observations recorded from experiments on elastomer modified 


BeoON 828 materials. 


fee Particle Size 

Cleavage specimen tests confirm the experimental results 
Sreoultan and McGarry (6) in that the unmodified EPON 828 
which fractures with low surface energy, y, can be fracture 
toughened by inclusions of secondary phase elastomer particles” 
mi che EPON 828 Nae Giecen peelGOm. ee that a decrease in 
acrylonitrile content of the CTBN elastomer tends to increase 
the particle size and promote material toughening. 

care. MCan particle diameter OL 0. 66 mucronis derived 
from the measurement of protruding particles on annealed 
cantilever specimen surface of CTBN R-151 is a measurement of 
actual elastomer particle diameter, then the peruiee like 
Shapes on fast crack propagation surfaces seen in Figure (18) 
may be composed of an elastomer particle of CTBN surrounded 
byea CTBN rich zone or phase of CTBN and EPON 828 which in 
turn is surrounded by a region rich in EPON 828 with some 


fw, all of which is embedded in the matrix of EPON 828. 


B. Biaxial Testing Conclusions 
Biaxial specimens of CTBN R-146 and EPON 828 (unmodified) 


yielded in a ductile manner exhibiting the shear yielding 
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@eeiterion of Von Mises with no macroscopic evidence of stress 
Pietening, crazing or void formation. Specimens of (CIBNeA iy 
consisting of large elastomer particles, did not generate a 

Von Mises type yield curve but rather the cusped curve of 

megure (12). This cusped curve has a shape similar to the 
craze yielding curve for PMMA (9) and strongly suggests that 
the material fails in a tensile manner and is brittle. 

These differences, together with the fact that CTBN R-151N 
samples exhibited significant whitening, void formation as seen 
Mea gure (22) and significantly higher fracture surface energy, 
imatcate that the CTBN R-151N particles promote this behavior 
macough mechanisms dependent upon particle size. Therefore, 
it is concluded that a threshold of particle size exists above 
which the behavior exhibited by CTBN R-151N is promoted. 

Elongation of CTBN R~-151N elastomer particle sites ina 
direction perpendicular to the hoop tensile stress axis and 
the radiation of band structure from the particle site tip at 
a small angle to the major axis of the elongated particle is 
of great interest. This behavior indicates that large shear 
forces are being exerted upon the particle site. The 
existence of this high shearing force is further demonstrated 
in Figure (21) which shows that voles in the whitened material 
are severly distorted in the direction of flow of the 
whitened ea Berens VOlds Nou located Willa Ene whitened 
area Ponce ee remain round and Crone tomteck This evidence 
discloses the existence of large eee shear flow of material 


within the stress whitened material region. 
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jee otress Relieved Fracture Surfaces 

Stress relieving of CTBN R-151 cleavage surface material, 
Figure (20), shows a drastic reduction in the dimensions of 
eMerace holes after annealing. It is concluded that this 
porous structure does indeed consist primarily of holes 
possibly created by the triaxial stress exerted on the 
Material at the tip of the cleavage specimen crack. This 
stress exerted on material in the region of slow crack growth 
is applied over a period of time sufficient to allow plastic 
distortion of polymer material around the elastomer particle 
Site. This large deformation may be part of the mechanism 
by which a large amount of fracture energy is absorbed in a 


toughening of the elastomer modified material. 


D. Elastomer~-Matrix Interaction 

In the EPON 828-CTBN matrix the difference in coefficient 
of expansion between the glassy phase of EPON 828 and the 
rubber particles can create tension in the rubber particles (5). 
The epoxy is then under a tangential compression; reducing the 
tensile stress produced by an external load and drastically 
altering the maximum shear stress at the particle matrix 
interface. A Mohr's circle representation of stresses for a 
uniaxial tension with no compressive stress is shown in 
Figure (27). By considering existence of a possible compressive 
stress of the elastomer-matrix interface, On, it is seen that 
time Mohr's circle of Figure (28) now has tensile and 


compressive stresses with maximum shear stress, 
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: =! 2 
ma X 2 
where, 
oe maximum tensile stress 
a= maximum tangential stress 


Sultan and McGarry (6) predicted that with this 
compressive stress induced by the elastomer particle, the 
maximum shear stress has increased and shear yielding can 
occur before tensile failure; at small angles to an axis 
orthogonal to the tensile axis. 

Evidence from ESM micrographs tends to support this 
eeeqg1 ction Ae can be seen in mignees (23 chance? 2 | maaiean ce 
the particle tips appear to radiate shear type bands at a 


small angle to the major axis of the elliptical particle. 


fee etaxial and Cleavage Surfaces 

Experiments with both biaxial and cleavage surfaces 
have shown that a cleavage surface provides a record of 
material behavior after a crack has passed through the 
material and fracture is completed. Examination of the 
stressed surface of biaxial specimens provides a look at 
material which is in the process of yielding and fracture 
femme a record of distortions, voids and whitening actually 
locked into the material; providing a permanent record of 
material reaction to stress -forces. 

Braxtally stressed soec mechs | enene sonempTomGe na means 
Boe further investigation of elastomer modified thermoset 


material fracture toughening mechanisms. 
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ae Ductilaty and Prackunerounracempneien, 

Fracture toughness values from Table I together with 
m@e curves of Figures (8 - 13) indicate that inclusion of 
large elastomer particles in CTBN R-151N material greatly 
increases EPON 828 fracture toughness but reduces the strength 
and ductility of the material. The CTBN R-151N tensile type 
yielding envelope suggests that the material is failing ina 
brittle manner. Unmodified EPON 828 and EPON 828 modified with 
CTBN R-146 elastomer (small particles) display greatly reduced 
Mesure toughieds relative to CTBN R-151N material. However, 
these materials exhibit shear type yielding together with 
large plastic distortions during biaxial testing and are 
more ductile than is the CTBN R-151N material. 

Tt 1S concluded that large particles enhance fracture 
toughness of the matrix but that their presence has a 
deleterious effect upon material ductility. Small particles 
of CTBN R-146 seem to enhance ductility and fracture 
toughness with little diminution of material strength relative 


to unmodified EPON 6) 2.8 5 


fee topics for Further Study 

Much of the experimental work accomplished in this thesis 
has created a large number of questions in addition to | 
furnishing a few answers regarding the behavior of elastomer 
Seeeercles in stressed EPON 828 matrix material. 

Further investigations nes eee some of Ries 


include: 
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1. Additional £éesting Of a single veconpecttrcnr 
large particle, set of biaxial specimens at a variety of 
temperatures is needed to determine the curves of axial 
tensile stress vs. hoop tensile stress as a function of 
temperature. Changes in the form of these curves may indicate 
that a temperature exists below which elastomer particle 
toughening mechanisms will not function. A study of such 
specimens may produce information on particle morphology 
influences upon fracture toughening. 

2. Biaxial specimens composed of variations of the 
modifying CTBN elastomer should be tested to determine the 
threshold of particle size and character above which yielding 
Pem@avior Similar to that of CTBN R-151N is observed. If this 
Memaetermined, it may be possible to correlate particle size 
with the stress whitening and toughening of the material by 
noting differences in microscopic material behavior. 

3. A large amount of further investigation remains 
in determining the nature of the bands which emanate from 
elastomer particle sites, distorted in stressed biaxial 
specimen surface material. 

4. Further study of the elastomer particle sites 
is needed in both biaxial and cleavage specimens. A knowledge 
Sime lastomer-matrix bonding is d@ésired in-order-that the 
magnitude of stress concentrations can be determined which in 
turn may aid in revealing the mechanism of void formation and 


stress whitening of the modified epoxy material. 
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5. Further investigation of the large holes found in 
CTBN R-151 cleavage surface material in slow crack propagation 
regions is desirable. It remains to be determined experimentally 
ee theoretically that these holes result in matrix toughening 
through the large energies. absorbed in plastically deforming 
the material surrounding them. 

6. A study of the shear band experiments done by 
Ludwig (26) on CTBN modified EPON 828 material should be 
accomplished with the objective of possibly applying the 
results of this work to the observation of small bands emanating 
from elastomer particle sites in stress whitened biaxial 
specimen materials. | 

7. Explanation of reasons for the observed occurence 
of small voids throughout the stress whitened regions of 
biaxial specimen materials has been covered only superficially 
and requires further study. 

8. Biaxial specimen aE PAGe material which has been 
stressed to whitening should be annealed and scanned with ESM 
memsee 1f the distortion of particle sites within the material 
has been relaxed and if the particles are once again circular 
in shape. 

9. The entire question of which mechanism forms 
crazing and which mechanism promotes shear banding must be 
reviewed and the relationshiv of stress whitening and particle 


deformation to material toughening must be determined.. 
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10. Further investigation is necessary to determine 
the relaticnship of elastomer particle size to fracture 
toughness and to ductility. It now appears that large particles 
promote large amounts of stress whitening and increased fracture 
mueecoce energy but at the Same tame they reduce the ductility 
of the material. Small particles do not create stress whitening 
but seem to promote ductility even though they toughen an EPON 
828 matrix to a much lesser extent than do CTBN R-151N elastomer 
particles. 

ite tS realized thal an even larger listing of topics 
requiring further study could be compounded for these elastomer 
modified materials but those listed above are a few of the more 
interesting questions which must be investigated for these 


iMarterials. 
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APPENDIX A 


Biaxial Specimen Testing Apparatus 


A. Design and Construction of Instron Grivs 





An Instron testing machine aretlye assembly was designed 
and constructed and is shown in Figure Tl) s Components of 
the assembly include an upper grip, lower sep, stainless 
steel plunger, three high pressure o-rings and a plexiglass 
Shield. 

The lower grip and plunger shown in Figure (2) contain 
threads for securing a biaxial specimen to the grip, a threaded 
meeeeecle for attaching the steel plunger, threaded receptacle 
for connection of high pressure hydraulic hose and a channel 
moredirecting hydraulic fluid to the center of a biaxial 
specimen. 

An upper grip shown in Figure (3) contains threads for 
biaxial specimen attachment, a lower relief port with screw 
Beug £Or purging alr as hydraulic fluid fills the specimen 
and an upper relief port bleed-off for hydraulic fluid 
leakage past the plunger o-ring during testing. The plunger 
head is fitted with a 1,500 psi o-ring which fits between the 
two relief ports in the 1.25 inch channel when the grip assembly 
is completed. 

The steel plunger transmits all axial hydraulic force into 
the bottom grip and causes the cylindrical specimen to act as 


‘an open ended cylinder Geng pres tlag : 
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A 3.65 inch long plexiglass sleeve fits between the two 
Seips and rests on a narrow seat cut into the Cincumfterence of 
the lower grip creating a safety shield and hydraulic fluid 
reservoir in the event of biaxial specimen fracture. 

A complete assembly mounted in the Instron is shown in 


Figure (4). 


B. Hydraulic Fluid Pressurizing Equipment 


nyareanulic Llwid pressurizing cCompoments arewshown in 
Figure (4) and consist of the following equipment: 

1. Nitrogen compressed gas cylinder and regulator valve 

Zee One oallon Capacity hydraulic accumulator une, 

Greer-Olaer Model 30A-1B 

3. One hydraulic gauge of 2,000 psi capacity 

4. High pressure tubing, pipe connections and regulating 

valves 

Pr OOW Coming 500: lid ) (sa buconseiw)) 

Nitrogen gas is introduced into the bottom of the 
accumulator vessel inflating a rubber membrane which forces 
eaeshydraulic fluid out the top of the accumulator, through 
mevyalve and hose to the lower Instron grip. 

Hydraulic pressure is controlled by adjustment of the 
compressed nitrogen bottle air regulator valve. The 
pressurizing equipment listed above was successfully 
Siac ically tested at 1,450 psi for one aouE aries to use in 


biaxial testing experiments. 
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APPENDIX B 


Biaxial Specimen Design, Casting and Machining 


Pee opecimen Geometrical Design 


Geometry of the biaxially stressed specimen consists of 
a thin walled cylinder, shown One ne mre g ht ia Figure (5) avin 
@arerully machined threads at either end for securing it to 
Instron grips. The biaxial specimen pee withstand the 
tangential hoop stress induced by internal pressure and Instron 
tensile stress applied parallel to the cylinder axis. 

Memomecisscedalm Reberpences (97s lijwaZ2, 13, 14, 15, 67 
18, 19, 20 and 21), specimen geometry 1S a compromise of 
various design factors. A radial stress gradient is produced 
by internal hydraulic pressure, creating higher stress on 
inner wall areas than the ambient pressure stress on the outer 
wall. This radial stress gradient, Oz, Was minimized by 
achieving a small ratio of wall thickness to mean specimen 
Seeameter, The tangential or hoop stress also varies Wm TeON | TslOle 
Pome tO Outer surface and its variation is again minimized by 
a small thickness to mean diameter ratio. mos desirable 
design factors are countered by a requirement to minimize 
material shrinkage stresses created during casting and curing 
of specimens and maintaining experimentally applied stresses 
within the capacity of the pressure system and tensile tester. 
Minimum specimen thickness to diameter ratio is further 
mestricted by the ability to spactilives accurately machined 


Specimens. 
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An €stimate of Maximum cens1 le and ehyduaiine sionmees 
mecessary for testing specimens of this geometry was 
obtained uSing epoxy-CTBN ultimate tensile strength of 
io. o/ xX 10> lb/in? (2) and considering the specimen to be an 
open ended cylinder. 

Maximum anticipated Instron tensile force was estimated 


mo Dc, 


|e ae = 27,/47 ib 
axial 


and maximum anticipated hydraulic pressure was estimated at, 


P = 1,015 psi 


Jnvacl 
These test forces were considered obtainable with specimen 
geometry of Figure (6); subsequent design was based on these 
forces. | 
A numerical check of the tangential stress variation from 
the inner to the outer wall of the specimen indicates a varia- 
mom of 4.75% from mean tangential stress. 


Radial stress, oO is considered to be negligible 


ars 
Pecer=aing to Crandall and Dahl (12) in that, 


ree il 
ig 
B. Design of Specimen Molds 

Two pieces of stainless steel pipe and an aluminum spacer 
are used to form the sample mold. The inner mold Dime OL 
barrel has a highly polished surface with outside diameter 


Oe 1.250 inches and a length of 6.50 inches. The outer mold 
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mipe Or sleeve 1S unpelished with inside diameter of 2.00 
maches and a length of 6.00 inches. The Allwmdcwn Spacer is 
cut to give a snug fit with the barrel and sleeve and to space 
them concentrically, forming a.0.375 inch casting wall 
mmckness as shown at the left in Figure (5). 

This mold design is considered highly desirable and 
removes the requirement to ae Li, ream and polish the inner 
Surface of specimens ee PAO SOL MerCAS ELNG CeO Imola, 


imaeerial. 


Gee Casting of Biaxial Specimen Cylinders 

Two basic specimen material types were cast for biaxial 
gearing, the first consisted of EPON 828 and Curing Agent D 
meth the second consisting of EPON 828, various CTBN’s and 
Sime Agent D. Great difficulty was encountered in obtaining 
Werfectly smooth barrel surfaces On cast specimens. Approx- 
imately 80% of the castings contained hemispherical indentations 
Or axial troughs which were not caused by entrapped air but 
mweme finally attributed to surface tension phenomena. 

An attempt to salvage the 80% unsatisfactory specimens 
entailed reaming of the inner surface to a depth which removed 
miieamperfections; followed by polishing of the reamed surface. 
mies rocess waS found to be unsatisfactory for three reasons: 

i Thewseammie tOol vereatea Skid marks “onethe surface 

as it was rotated through the specimen. 

2. Subsequent sanding and Seer of the reamed surface 


WaSsGlitieudlt: ana Uncaricgractony Jinweie eed eelal Cégmee 
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remove "skid" marks without giving a variable 
diameter over the length of the specimens' inner 
surface. 

3. Measurement of the inside diameter of specimens 
is difficult to obtain accurately and is impossible 
i1£ sanding and polishing render the surface non- 
ego | alc 5 

It is considered imperative that the inside specimen 
geometry should be formed by the barrel of the mold, in-that 
mechanical formation of this surface is unsatisfactory. 

A lengthy investigation of casting parameters and 
procedures revealed a satisfactory method for casting perfectly 
smooth barrel surfaces with production of approximately 100% 
Success. This casting procedure differs slightly dependent 
upon whether CTBN is present or absent. 

Saicting procedure for EPON 828, 10% CTBN and 52 Curing 
Agent D consists of the following sequence: 

im Laghtly polish the mold barrel with 000 grade steel 
wool. To do this wrap the steel wooi around the mold 
and rotate the mold within the steel wool; slowly 
work the mold through the steel wool axially as the 
barrel is continually rotated. Press the steel wool. 
EOr Enewbar rei eemly | ieee laa 

2. Wipe the bas neIe vere ardhy, Cl oaMmEsOnuerc LOL LO 


remove’ dust, steel wool and old FreKote:33* particles. 


eee ee 


*Mold release agent mfg. by FreKote, Inc., Indianapolis, Ohio 
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is 


a2. 


Do not touch the barrel with oily hands; gloves 

are recommended. 

Spray thesbaerrel curtaceiwithoa Mighe ecoarnor 
Frekote 33 release agent. 

Place the barrel into an oven at 60°C for approxi- 
mately 10 minutes. 

Take the barrel from the oven and allow it to cool 
for approximately 10 minutes, then spray lightly 
with another coating of FrekKote. 

Remove old FrekKote particles from the inner surface 
of the sleeve as any particles may become incorporated 
in the casting and will cause axial fractures in the 
material. 

Spray the aluminum spacing ring and inner sleeve 
surfaces with a coating of FrekKote. 

Assemble the three mold components and place the 
assembly into the oven at 60°C for at least 15 
minutes. 

Measure the desired amount of EPON 828 on a balance 
in a clean, dry beaker. 

Add the desired amount of CTBN to the EPON beaker. 
Pilece Che beaker an a mineral O11 bath abe 275°Fr 
ieglenuanbioe) Aelarshias (Jove eyekeln, Manet leas IT itis relleyen fe) Sieloyen= 

of the EPON-CTBN level in the beaker. 

Wrap a steel spatula with several ene Of = cthe cleam, 
dry, white cloth which has no dangling strings or 


lint. Secure this wrapping with a fine string. 
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HEG). 


Ue 


EG). 


ieee 


Coarse string and wooden spatulas will release 
entrapped air which is unsatisfactory. 

Stir the EPON-C@BN mixture with this cloth weapsed 
spatula as they are heated in the oil bath. Air 
will escape the cloth as the mixture permeates it, 
but air bubbles will collapse on the surface when 
the CTBN-EPON mixture approaches bath temperature. 
Leave EnemiOnN ee EN ei <acee lM tie woath Miter erin 
solution is fully transparent and all surface and 
subsurface bubbles and froth have disappeared. This 
often takes 20-30 minutes... 

When the EPON-CTBN mixture is clear and hot, degas 
the solution in a vacuum desiccator for 15 minutes. 
The solution must be hot for positive results. 

Place the beaker back in the 011 bath and heat until 
HOD lacworlsumOr Untid ThescOluetomrlc ate 2506 i. 
If bubbles persist, continue degasing. Always reheat 
the solution after degaSing. 

Remove the beaker from the oil bath and place on the 
balance. Allow the solution to cool with occasional 
stirring until a thermometer reads 100°C. 

Remove the mold from the oven and place on a table 
ready £fOr pouring of the epoxy. 

Rad the desi red anounteor Cizing» Agent D to the BPON. 
CUENT Solu taOnercdid woteiec Serena until the solution 


is entirely homogeneous. 
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20. Pour the epoxy solution into the mold taking care eo 
keep the spatula wrapping below the surface of the 
solution in the beaker. 

Di. Prior to ~eompelere filling of the moles rake snc 
spatula and lightly brush the wrapping up and down 
the sides of the areas Do not press heavily as 
this will remove Frekote and the hardened epoxy 
Welles Che @m tiem loci Geir, 

fee ELI) the mola Eo.the too and det it sit for 10-15 
minutes on the table. 

mo. Piace the mola in the ae aicmewre at IlZ07C fox 
two hours, after which the sample is allowed to cool 
tomn0 C and iswtimen post cured at 130%€ for two Meurcs 
and finally allowed to cool to room temperature in 
eg) Gyeiaye 

To cast EPON 828 - Curing Agent D samples the only 

alteration of the above procedural steps is to reduce the 
me@ectTature in step 17 to 80°C when pouring the solution 


mice the mold. 


Pee Removal of Biaxial Specimen From Mold 


Plaxicl specimen CAStINGS aremmlose Castly Gemoved f£rom 
the mold after post curing, at a temperature of 40°C using 


an arbor press. 


E. Machining of Biaxial Castings 
After removal from its mold the casting is pressed onto 


feo 250 inch mandrel and mounted in a turning lathe. It is 
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extremely important thal anemndteator be Used yeor si ene 
slagnment prior to accomplishment of a machining precess Jon 
the specimen, insuring uniform specimen thicknesses. The 
casting is then turned to 1.875 inches outside diameter and 
me Ends are squared off to give the 5.375 inch cylinder 

Memgth shown on the left in Figure (5). 

The cylinder is again mounted on the mandrel and one 
inch grip thread lengths are marked at either end. A round 
eutting head of 1 1/2 inch diameter is used to cut the gage 
mqbton of the specimen using a final pass, cut depth of less 
than 0.005 inch. The diameter of the center of the gage 
length is further reduced 0.010 inch by tapering the cut from 
Wome: at the ends to 0.010 inch at the center. This is done 
to induce yielding at the center of the gage length. Central 
gage diameter is now approximately 1.365 inches. 

The biaxial specimen is then polished with the finest 
Grade paper available and is in a form similar to that of 
the center specimen in Figure (5). 

Einal Machining Consists of threading both ends of the 
Eeeermen with 10 threads per inch of 0.075 inch depth. A 
completely machined specimen is shown on the right in Figure 


(5) and is now ready for testing. 
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NS eens BAD 1C 


Mounting Biaxial Specimens in Instron Grips 


Biaxial specimens must be placed in the grips with great 


care to insure a successful test. The following stepwise 


procedure is required: 


Ihe 


Place the lower grip in the receptacle of the moving 
beam of the Instron and secure it with a pin. 

isu melee O04 nchn OD . 9 , 5005 psi, O- Vines 
clean and lying flat in the bottom of the biaxial 
specimen receptacle. 

Screw the biaxial specimen into the lower grip and 
ELGitenenana ut Lait - 

Screw the steel plunger into the threaded receptacle 
lene Lowermslnstron grip, whens tighe, soack One | to 
COmoVvetee uUsnoem INSULTS tnabee nena 2 5 Seine) (Ose, 
1,500 psi O-ring on the plunger head is clean and 
undamaged. 

Place the plexiglas shield over the sample and seat 
it firmly upon the machined shoulder of the lower 
epaal oye 

@Cacenuliye place anZ.004sinenO Dee b500) DSi O-ring 
on top of the biaxial specimen, centering the O-ring 
to avoid jamming damage from the threads of the 
jpyojerese fefailye. 

Screw On ene Wwpper teen Glin hand trqht “and secume 


Mentone tno shOag@ecell teceptccle of Ene Incsceron, 
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8. To fill the specimen with hydraulic fluid merely 
apply a low naeBeogen. pressure EOuUEne waceumU Lame ls 
(50 psi or less) and slightly open the hydraulic 
fluid outlet value on top TOL the accumu lac @ ts eee 
is not necessary to remove the screw in the air 
bleed-Off port tower)! |] thewspecimen asS.aie wile 
pass by the plunger O-ring but hydraulic fluid will 
not leak by. 

9. Biaxial testing is now ready to commence. 

It 1S imperative that step 4 above, be followed exactly 
Teomy Misplacement of the plunger may position the O-ring 
near a bleed-off port. High pressures will cause the O-ring 
to be pushed into the port and a piece will shear off, 


rendering the O-ring useless. 
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APPENDIX D 


Cleavage "earn hace Ge wnency a oun emo 


Fracture energy values of four epoxy materials were 
determined using the cleavage technique described by Broutman 
and McGarry (22). Instron tensile force was applied, at a 
memes OL 0.02 inch per minute, to the drilled holes at the 
end of the soecamen shown in Figure (7). A mechanically 
initiated crack then propagates along the central slot material 
with the specimen behaving as a centilever with fixity at the 
unsplit end. 


Fracture surface work is given by y as, 
PE umaze 


—— —_—_—_—— i 


4 wh 

where, 

Ee AbpLied Loxrce 

6 = Deflection of one cantilever 

Ww = Crack width 

L = Crack length 

n = An experimental constant 

The instron records load vs. time as the specimen is 
teavead. Crack length 1s measured directly during the test 
Or upon test completion by measuring the distance between 
whitened spots on the slot material. These whitened spots 
Seeur Only for material which contains CTBN R-151l and CTBN R-15IN. 
Crack progress on other specimens must be marked with a felt 


Papped pen during testing. 


a2 





The constant, n, 2s the Slope of a plot ot eloq ath come 


fieg (L) since, 


ad 


Tes 


iE = 


" vi 


mera cantilever, where “a” 1S a constant. 

Most cleavage samples will exhibit eer successive 
rapid crack propagations as the sample is tested to failure, 
allowing several determinations of y on a Single cantilever 
Specimen. The y value of the initial and final rapid 
propagation is often significantly different from the average; 
this may be due to imperfect machining of the notch at the 
initiating end of the specimen or a loss Of vcantiever oh iaiiey 
at the end where final propagation occurs. 

Final calculations of fracture surface energy in this 


investigation used the following expression for y, 


ir 
k Wo x * * 
A, 7 S K n 
_ e 
fp ite 
2 
where, 
Paes eect Ee youmeace  cichdy (erg/em”) 
A,= Integrator area (Citi seioy 
v= Instron crosshead velocity (in/min) 
Va Instron chart velocity (in/min) 


> = Instron load scale (1b £ull scale) 
g = Crack length (cm) 


fo Crackewiatiin em) 
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A 
tl 


dele 3 Loex LO" ergs/in-lb 


n = Experimental constant 


Values for n were determined as outlined previously. 
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APPENDIX E 


hinalysasmo © CUB ya hom Particle size 


Annealed and unannealed cleavage surface specimens of 

. CTBN R-151 were scanned with the ESM as shown in Figures (20) 
and (18) respectively. The large reduction of fracture 
Surface hole diameter in the annealed specimen, with resultant 
protrusion of small particle masses, suggests that the surface 
has stress relieved, leaving rubber particles exposed. 

Py ecaleu Lavangpenevdensity Of CIBN R=lSl present mm a 
madee VOlume Of the modified matrix and comparing this to the 
volumes of the voids in Figure (18) and small particles in 
Figure (20) it was found that the small particles of the latter 
have a material volume sufficient to accommodate the volume 
which would be occupied by pure second pvhase particles of 
meh R-151. 

The calculations were accomplished in the following 
manner. A square of 2 cm on a side was cut from cardboard 
and placed on Figure (18). The number of holes within the 
square were then counted. This was done at random locations 
over the surface and an average particle density of 4.16 
particles per em? was derived. This gives an actual surface 


Beaeteacie density of, 


Op = 4.16 x mow particles per em? 


Next an average particle diameter of 0.2 cm was measured, 


Saving a particle volume of, 


5) 





A _ ee 
Vix z= qu (2 x 10 ae = 233 5 8e 400 Ie ane 


ae 


Tt is assumed that any plane fracture surface area will 
Sesplay holes for a particle if the fracture plane passes 
maeough any portion of the particle, i.e., at the very top, 
BeaekOm Or equator. Tens the fracture suS ace represents a 
Sedtelscical distribution Of particles within a specimen cross 
Section one particle diameter in depth. cone Gilloae centimeter 


Sreespecimen will contain n, statistical particle layers, 


ne 


= 
II 


number of particle layers per centimeter of depth 


Sy 
I 


mean particle diameter 


Por the material of Figures({18) there are n, = 5,000 


R 


particle layers per centimeter of depth and the total number 


of particle holes per cubic centimeter of material, N 


ied oy 
N= = 10, * = 20.0 x WO See Leles fer 
if g Pp 
Total varticle volume, Vins 1S found ton be Vin = NaVp = 


06 9'6 com> of particles in each cubic centimeter of specimen. 
The number of grams of CTBN R-151 necessary to fill this 


particle volume, V iLisj> 2Roliotel) ee" ayes, 


mi? 
w, = 0.92 V, = 0.64 gm 


where, 
Wo, = grams @f CPBN im Cach cube ent mieten oF mods ieee 


Mystere eabsul 
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0 02 ="speciaic 2G aay tye. eC UB ban 

Actual mass of CTBN R-151 in the specimen material can 
be derived from the original composition of the material 
using the densities of EPON 828 and CTBN R-151 which were 
eee piied by Sultan (25): 

EPON 828 = 1.22 g/em> 

®reN R-15l = 0592 g/em> 
Therefore an EPON 828 and 10% CTBN R-151 comvnosition contains 
feeeo75 gm CTBN R-151 in each cubic centimeter of material. 

Comparison of true and calculated masses of CTBN R-151 
in the specimen material reveals that five times more elastomer 
is needed to fill the holes of the size shown in Figure (18) 
Enan actually exists or alternately, the particles would have 
EO COnSist of approximately 80% EPON 828 and 203 CTBN R-151l 
to give the particle volumes indicated. The latter conclusion 
is not considered feasible in that a well defined second phase 
would not seem likely for particles containing such great 
quantities of EPON 828. 

A similar analysis of the volume of the small protruding 
particles of Figure (20) was conducted. A mean particle 


diameter, Da! Was sUsea: 


2 = 0.6% Sle 2 ven 
m 


This mean particle diameter yields, 


n'y = 1.5 x 10° layers/cm 


3) 





pm a particle Volunever, 


a2 


ee ews = 10 em” /particle 


Pp 
A micrograph survey yielded a density of surface particles 
Om; 


5.75 x 10° particles/om- 


Therefore, 


N' 26. 2.0% LO” particles/cm> 


Al 


and, 


NES eG ox MOE em? one particles/cm* of specimen 


Ak 
Ene wtass Of CMBN R-151 required to fill the protruding 


peeeicles of this micrograph is found to be, 
' = ° 
Wo On 09 Jeoms 


As noted in the above analysis by considering the 
protruding particles to be a relatively pure second phase of 
CTBN R-151, the volume of these particles closely matches the 
volume density of the CTBN R-151 actually present. It is 
@emeiuded that the large holes of Figure (18) are caused by 
plastic stresses during slow cleavage of the material and that 


fieyeare not rubber particles. 
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APPENDIA F 


Walshe one Tables 


Table 

I Fracture Surface Energy of CTBN Modified EPON 828 
Suced with Curing Agen D 

II Biaxial Specimen Yiela Stress of Unmodified 
EPON 828 ; 


III Biaxial Specimen Yield Stress of CTBN R-146 
Modified EPON 828 


IV Baaxial Specimen Yield Stress of CTBN R-151 
Modified EPON 828 


V Biaxial Specimen Yield Stress of CTBN R-151N 
Modified EPON 828 


oye, 


Page 


60 


61 


62 


63 
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TABLE I 


Hiqac Lume oUrEACe Ene ng uence Hel: 
Modified EPON 828 Cured* with Curing Agent D 


Cibh Cone. Fracture Surface Energy 
tyee CIBN (PPh) me ee erg/cm? ) 
Ral 46 iO SZ 
el | ** Ih 8 RIS a) 
ie OLN TOL 3 8 15.46 
EPON 828 (unmodified) 10.0 Peds 


Bemmeea at 120°C for two hours. 
feel Curing Agent D, all others 5Spph Curing Agent D. This 


was done by accident and is included for general information 
emily . 
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SU Mein Cae 
Biaxial Specimen* Yield Stress of 


Unmodified EPON 828 


Sample Number Tensile Stress Hoop Stress 

(isery (ksi) 
23 2010 Shy te) S, 
16 LORS s CeO 
23 T2274 6.02 
24 10.40 8290) 
Z> ii bens Ss: TiGs 
26 Des 18, | 0.00 
27 LO 20G a OL eS, 
28 Or Oe VAN As. 
33 HOO, DPS 
49 OT) SoS 
50 8.24 SPAS 
aL SS. oh 1S) 


*All specimens unreamed. 
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PAB bn ies 
Biaxial Specimen* Yield Stress of CTBN R-146 


Modified EPON 828 


Sample Number Tensile Stress Hoop Stress 

(ksi) . ees) 
38 O06 0.00 
39 0.00 | 8.86 
40 8.89 eS 
41 9.24 Te Ti 
42 ef Le) A238 
43 Sg Shots) S: 
44 O:.00 Say 
45 Tere ee 
46 2226 8.49 
47 6.42 Cue 


SR eS Em a a ee oe eee 


*A11 specimens unreamed. 
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TABLE TV 


Biaxial Specunen Yield Stress Of CrENeR- ior 
- Modified EPON 828 


Sample Reamed (R) or Tensile Stress Hoop Stress 
Number Unreamed (U) (ksi) (ksi) 

Z U omer es 5, 

2 U Toe 432 

4 U ie 2505 

6 U Leow 2.64 

7 U 6.2.34 £93 

8 U 7.48 8.80 

9 R : 7.22 ego 
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TABLE V 
Biaxial Specimen Yield Stress of CTBN R-151N 


Modified Epon 828 


Sample Reamed (R) or Tensile Stress Hoop Stress 

Number Unreamed (U) (ksi) (ksi) 
Vi R view = 00 
2 U 0.00 fares 
13} R 6.03 142 
Ing R OLS, 6.4] 
20 R Sas 5553 
mal U So) 0.00 
22 R {moe Ze 
29 U SeeiG 256 
30 U . 8.40 i 
Sul U Dow, 3) 10) 
2 U Wes, 7.87 
48 U tae HoGS 
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Figure l 


Instron Grip Assembly used in biaxial testing. 
Shown left to right, piston with high pressure 
O-ring seal, upper instron grid with two bleed-— 
off ports, plexiglass shield and lower grip 
with hydraulic fluid inlet and high pressure 
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FIGURE 3. INSTRON UPPER GRIP CROSS SECTION. 
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BIAXIAL SPECIMEN. AXIAL TENSILE 
STRESS, Oy, vs. HOOP TENSILE 
STRESS, O,, FOR EPON 828 MODI- 
FIED WITH CTBN R-146 (SMALL 
PARTICLES). 
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Figure 14 Jere (biserey 15) 

Soe1cal micrograoh of CTBN Opera calm Crograpn of Crean 
R-151N biaxial specimen R-151N biaxial specimen 
surface in reflected surface in transmitted 
molarized light (138.6xX) Pollan Zecdulegit (2 83 35k) 
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Figure 16 


Optical Micrograph of CTBN R-151N 
Blaxial specimen surface in 
transmitted polarized light (562, 5x) 
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Figure 23 


Biaxial specimen surface of CTBN R-1L5I1N. 
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Figure 24 


Blaxial specimen SUrrace Of CITBN=R-15oIN? 
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FIGURE 27. MOHR CIRCLE FOR SPECIMEN IN UNIAXIAL 


TENSILE STRESS; Tygy = 9/2. 


FIGURE 28. MODIFIED MOHR CIRCLE IN THE VICINITY 
OF A PRUBSER. PARTICLE FOR (OTHE CASE 


WHERE 0; IS NEGATIVE; T,_.. = (0, ~ 6,)/2. 
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